AD-A111  116  PENNSYLVANIA  UNXV  PHILADELPHIA  DEPT  OF  CHEMISTRY  F/«  7/4 

STUDIES  OF  NON— RADIATING  SPECIES  IN  METAL  ♦  OXIDANT  CHEMILUMINE— ETC(U) 
MAY  81  J  6  PRUETT  F49620-79-C-0023 

UNCLASSIFIED  AFOSR-TR-82-0062  NL 


rnm.m  adaii  iii6 


AFOSR-TR.  S  3  -00  6  2 


FINAL  REPORT 
F49620-79-C-0023 

STUDIES  OF  NON-RADIATING  SPECIES  T M 
METAL  +  OXIDANT  CHEMILUMINESCENT  FLAMES 


J .  Gary  Pruett 

Department  of  Chemistry,  University  of  Pennsylvania 
Philadelphia,  Pennsylvania  19104 


31  Dec  ember  19  7  8 


31  May  1981 


dtic 

electej 

FEB  1  9  1982  , 


,V?orc  v 

distribute  .  c«. 


•  ,  '  «.  Vs,.  -  ation  o?  '  ry  (Whmo  *,  ^  z.i  yred) 

REPORT  DOCUMENTATION  PAGE 


F?ORT NUMBER 


2  GOVT  ACCESSION  NO. 


R-TR.  3  2  -0062  AP-A///  /A 


14  TlTl_E  (and  Subtitle) 


READ  INSTRUCTIONS 
_ BEFORE  COMPLETING  FORM 

J.  RECIPIENT'S  CATALOG  NUMBER 


i  TYPE  OF  REPORT  6  PERIOD  COVERED 


STUDIES  OF  NON-RADIATING  SPECIES  IN  METAL  + 

OXIDANT  CHEMILUMINESCENT  FLAMES. 

_  _____  -  —  ~  . 


Final 


«.  PERFORMING  ORG  REPORT  NUMBER 


#  CONTRACT  OR  grant  NUMBERf!) 


J.  Gary  Pruett 


F  4 9620-7 9-C-0023 


9  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

University  of  Pennsylvania 
Philadelphia,  PA  19104 

II  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

AFOSR  /vc 

Dolling  AFB,  Washington,  DC 

"T«  monitoring  AGENCY  NAME  »  AOORESSfil  diltertinl  Irom  Controlling  O/hce) 


10.  PROGRAM  ELEMENT,  PROJECT.  TASK 
AREA  A  WORK  UNIT  NUMBERS 

61 102F 
2  303/ fil 


12  REPORT  OATE 


Mav  81 


13  NUMBER  OF  PAGES 

23 

"TT  security  class,  coi  inh  TrpoiT) 


line  1  ass  i  f  i  ed 

"I**.- be  CL  A"s?|F7c’ATlo’ir^^WNGRAi3rN‘c 
SCHEDULE 


is  distribution  STATEMENT  /hl«  Repo/O 


Approved  for  public  release;  distribution  unlimited. 


*•’  Oi  ST  R’  9  j  T  ION  ST  A  T  F.  M  E N  T  ( of  the  mbs tr met  entermd  in  Block  20,  If  different  from  Repot 


1*8  M4F.NtARS  MOtU 


*  h  *  *t  '' R P S  t  mifip  j«*  on  ffvrfsc  aide  if  nee  eaamrv  mnd  identity  by  block  number ) 


C.heni  i  lum inesrenc e ,  Metastable,  Laser  Induced  Fluorescence,  Molecular  Beam 


*  BO*- P  AC  ^  •  ttm.e  •’«  r-*\erse  side  If  necessary  mnd  identify  he  block  numfi*r) 


Chemical  production  of  metastable  states  of  barium  oxide  in  the  gas  phase 
have  been  studied  under  low  pressure  flow  and  molecular  beam  relaxation  free 
conditions.  Optical-optical  double  resonance  excitation  of  ground  state 


barium  oxide  has  allowed  measurements  of  excited  state  radiative  lifetimes,  .... 


DD  ,  Xn  1473 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  Of  THIS  PAGE  ;IWim  Dmtm  Entered) 


-  -t,-- 


JON  0*  This  t  AOEflThyi  £>•<■  finlaradj 


electronic  transition  moments  and  a  variety  of  energy  transfer  processes. 
The  reactions  of  Barium  with  nitrous  oxide  and  nitric  oxide  are  found 
to  produce,  mostly  ground  electronic  state  products,  with  some  production 
of  metastable  triplet  and  singlet  states.  Electronic  transition  moments 
cannot  be  explained  by  simple  atomic  orbital  descriptions  oi  molecular 
states.  Rotational  relaxation  in  the  first  excited  singlet  pi  state 
of  barium  oxide  is  found  to  be  faster  than  gas  kinetic  and  also  exceeds 
the  relaxation  rate  between  lambda  components  of  the  pi  state. 


UNCLASS  I  F  1  F.I) 


SECURITY  CLASSIFICATION  OF  THIS  FAOt(»»«l  Dl»  Bnltfd) 


■Jii-lS" 


/ 


1 


STUDIES  OF  NON-RADIATING  SPECIES  IN 
METAL  +  OXIDANT  CHEMILUMINESCENT  FLAMES. 


1  8  JAM  1982 


J.  Gary  Pruett 

Department  of  Chemistry,  University  of  Pennsylvania 
Philadelphia,  Pennsylvania  19104 

Final  Report  AFOSR  Contract  #F4 9620-79-C-0023 


Introduction 

Metal  atom  oxidation  reactions  have  been  of  interest  for 
several  years,  primarily  due  to  the  efforts  to  understand  their 
luminescent  behavior.^  Measurements  of  photon  yields  under 
both  molecular  beam  and  flow  conditions  yielded  valuable  inform¬ 
ation  on  the  kinetic  production  of  visible  light  for  these 
systems.  Those  chemiluminescent  studies  renewed  the  interest 
of  spectroscopists  to  understand  complex  perturbed  spectra  of  the 
metal  oxides  and  metal  halides,  and  helped  them  to  develop  new 
multiple  laser  techniques  to  probe  the  complicated  spectroscopy. 

This  report  documents  several  additional  areas  of  progress 
in  understanding  the  behavior  of  these  chemiluminescent  reactions. 
These  studies  have  established  the  electronic  and  vibrational 
state  identities  of  the  primary  reaction  products  of  the  reactions 
of  Ba  with  N2O  and  measured  absolute  electronic  transition 

moments  among  excited  electronic  states  of  BaO,  catalogued 
several  new  excited  electronic  states  of  BaO  in  the  4-6  eV  range 
which  show  promise  for  accessing  low  lying  A  states  around  2  eV, 
and  measured  directly  the  rotational  relaxation  and  parity 
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« 


relaxation  rates  in  the  acknowledged  chemiluminescent  gateway 

•  1 

state  (A  7i )  of  BaO. 

Results 

We  have  concentrated  on  the  two  reactions  Ba  +  N20  and 

Ba  +  N02-.  Our  first  results  on  Ba  +  N20  showed  that  under  flow 

conditions,  "dark"  states  of  the  reaction  can  be  easily  observed 

using  laser  induced  fluorescence  and  we  were  able  to  observe 

ground  state  populations  of  vibrational  levels  that  were  iso- 

energetic  with  several  of  the  low  lying  excited  electronic  states. 

We  also  saw  significant  population  in  the  metastable  b  ^tt  state 

but  were  unable  to  interpret  its  population  relative  to  the  ground 

state  due  to  a  lack  of  electronic  transition  moment  data. 

To  overcome  that  obstacle  we  initiated  a  series  of  single 

and  double  resonance  experiments  to  accurately  measure  radiative 

lifetimes  and  electronic  transition  moments  among  the  excited 
3 

states  of  BaO.  These  measurements  were  made  under  a  variety  of 

experimental  conditions.  Absolute  radiative  lifetimes  were 

measured  using  nanosecond  resolved  fluorescence  decay  following 

pulsed  optical  double  resonance  excitation  of  various  vibration- 

1  +  1  + 

rotation  levels  of  the  BaO  C  E  state.  The  BaO  A  E  state  was 
used  as  an  intermediate  state  in  these  experiments,  but  only 
fluorescence  with  wavelengths  shorter  than  400  run  was  observed, 
so  that  no  interference  from  A  state  fluorescence  occurred.  The 
BaO  was  produced  under  molecular  beam  conditions  using  the 
reaction  Ba  +  C02  to  insure  measurement  of  a  collision  free 
lifetime.  Collisional  effects  were  observed  at  higher  pressures 


3 


which  indicates  highly  efficient  energy  transfer  processes  in 

energetic  DaO  states,  but  these  effects  could  not  be  correlated 

with  known  BaO  C  £  +  state  perturbations  and  produced  no  observable 

satellite  emission  lines.  The  BaO  C  £  state  (v=0)  lifetime 

measured  was  10.5  +  1  nsec  and  was  independent  within  error  of 

the  rotational  level  excited. 

In  separate  experiments  at  higher  pressures,  fluorescence 

from  the  C  state  was  spectrally  resolved  using  a  sensitivity 

calibrated  detection  system  to  measure  the  electronic  emission 

branching  ratios  to  various  lower  lying  states.  These  measurements, 

coupled  with  Franck-Condon  factor  calculations  and  previously 

1  +  ’1 

measured  radiative  lifetimes  of  the  A  £  and  A  u  state,  allowed 

the  calculation  of  the  following  electronic  transition  moments: 

p2(C-X)  =  9.9  D2,  |j 2  (C-A)  =  16.8  D2,  p2(C-A')  =  9.8  D2,  y2(C-b)  = 

3.10  D2,  y2(A-X)  =  3.2  D2,  and  y2(A*-X)  =  0.14  D2.  In  addition, 

2  2 

indirect  arguments  allowed  an  estimate  of  y  (B-X)  =  4  D  . 

With  relative  electronic  transition  moments,  we  have  now  been 
able  to  interpret  our  laser  fluorescence  intensities  and  have 
studied  both  the  Ba  +  N02  and  Ba  +  N20  reactions  under  molecular 

4 

beam  and  flow  conditions.  Since  these  results  are  only  published 
in  preliminary  form,*5  a  brief  statement  of  the  relevant  facts  is 
necessary.  Under  single  collision  molecular  beam  conditions  we 
see  predominantly  ground  state  BaO  products  (90%  X  *£+  for  Ba  +  N20, 
99%  X  for  Ba  +  N02) •  The  vibrational  state  production,  however 
is  vastly  different.  The  Ba  +  N20  reaction  produces  an  inverted 
vibrational  distribution  which  peaks  at  v  =  30  and  extends  only 
to  +10  vibrational  levels  (see  Figure  1) .  This  represents  a 
release  of  approximately  50%  of  the  reaction  exothermicity  to 


Figure  1.  Excitation  spectrum  of  BaO,  normalized 
to  constant  laser  intensity.  All 
intensity  between  400  and  600  ran 
corresponds  to  rotationally  hot  band 
spectrum  of  C'£+  (v=5-20)  «-  X’Z+  (v=10-40)  . 
Dashed  line  represents  computer 
simulation  of  the  spectrum  assuming 
a  X'E+  vibrational  distribution  peaked 
at  v=30  with  a  width  of  +  10  vibrational 
levels. 
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product  vibration.  The  spectra  appear  rotationally  unresolved 

with  no  band  head  formation,  ind.cating  very  rotationally  hot 

molecules.  Even  very  high  product  vibrational  levels  showed 

hot  rotational  populations.  No  rotational  contours  were  available 

to  fit  to  any  type  of  distribution,  but  we  estimate  a  rotational 

temperature  near  2000°  +1000°.  This  would  represent  a  mean 

rotational  energy  of  -25%  of  the  exothermicity .  All  excited 

electronic  states  account  for  less  than  10%  of  the  product 

1  +  '1 

formation,  but  the  individual  contributions  of  A  Z  ,  A  ir,  and 

3 

b  ir  could  not  be  assessed. 

For  the  Ba  +  NO  2  reaction  under  molecular  beam  conditions, 
the  results  are  strikingly  different  (see  Figure  2) .  Partly  because 
the  reaction  exothermicity  is  less,  the  product  vibrational  levels 
are  considerably  less  energetic.  In  this  reaction,  99%  +5%  of  the 
molecules  are  produced  in  the  ground  electronic  state  but  the 
vibrational  distribution  continues  to  rise  below  v  =  6  and 
probably  peaks  near  v  =  0.  This  gives  an  average  product 
vibrational  energy  which  is  only  20%  of  the  reaction  exothermicity. 
These  ground  electronic  state  molecules  are,  however,  highly 
rotationally  excited,  indicating  a  significant  fraction  of  the 
energy  is  released  as  product  rotation. 

The  excited  electronic  states  produced  in  the  Ba  +  NO2  reaction, 
however,  are  rotationally  and  vibrationally  cold.  Figure  3  shows  the 
excitation  spectrum  in  the  area  of  the  C^E+  -  A  and  C  E+  -  b  3tt 
Av  =  0  systems.  The  spectra  are  rotationally  relaxed  and  show 
strong  band  head  structure. 

These  results  show  clearly  the  nascent  formation  of  the  b 
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Figure  2.  Excitation  spectrum  of  BaO,  normalized 
to  constant  laser  intensity.  All 
intensity  at  600  nm  and  shorter  wave¬ 
lengths  corresponds  to  C-'-Z+  *■  X-'-£+ 
bands.  Intensity  is  peaked  towards 
X^I+  (v  <  10)  transitions. 
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Figure  3 


Medium  resolution  (1  cm  )  excitation 
spectra  of  BaO  under  two  different 
conditions.  High  correlation  between 
the  spectra  exist  except  at  noteworthy 
locations:  *  «-  a3X  at  633  nm  and 
accidental  optical-optical  double  resonance 
on  low  J  lines  of  the  C^E+  ■*-  A-^E+  «- 
XJ'E+  (v=6)  indicating  low  production 
of  low  J  states  in  the  beam  reaction. 
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state  in  a  reaction  for  which  triplet  state  products  are  spin 

forbidden.  We  can  only  monitor,  however,  the  sublevel  due 

to  its  spin  orbit  mixing  with  the  state,  and  it  is  probable 

that  this  reaction  channel  is  open  primarily  due  to  -the  singlet 

3 

character  of  the  tt^  sublevel. 

In  the  flow  condition  (100  of  Ar)  reaction  of  Ba  +  ^0 
three  strong  bands  have  been  seen  which  we  have  now  assigned 

3 

to  the  a  E  state  of  BaO  recently  seen  by  Gottsho  et  al.  (see 

9 

Figure  3) .  This  clearly  shows  the  pooling  of  population  through 

energy  transfer  into  the  lowest  metastable  state  of  BaO.  It  is 

interesting  to  note  that  these  bands  do  not  appear  in  the  Ba  +  NO2 

beam  condition  experiments  (Figure  3)  confirming  the  hypothesis 

that  spin  forbidden  products  appear  only  to  the  extent  that  the 

molecular  eigenstates  are  mixtures  of  spin  basis  functions.  These 

bands  do  begin  to  appear,  however,  if  the  pressure  in  the  beam 

scattering  chamber  is  raised  to  5  x  10-4  torr.  This  indicates 

a  very  rapid  relaxation  process. 

As  a  natural  outcome  of  our  dynamic  investigations  we  have  also 

generated  several  noteworthy  spectroscopic  contributions  to  the 

level  structure  of  BaO.  High  vibrational  levels  of  the  C^I+ 

state  have  been  analyzed,  lifetimes  and  absolute  transition  moments 

3  4* 

have  been  measured  and  direct  observation  of  the  a  E  state  has 

5 

been  accomplished. 

Two  additional  areas  of  interest  have  arisen  from  our  studies 
to  date.  We  have  completed  some  preliminary  experiments  in  which 

we  have  excited  optical-optical  double  resonance  in  BaO  using  the 

'  1  5 

A  u  state  as  an  intermediate  state.  The  reason  for  this  choice 
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of  intermediate  states  is  two  fold.  Early  and  more  recent 

double  resonance  experiments  on  BaO  utilized  the  strong  A^E  +  - 

1  +  8  9 

X  £  transition  as  the  first  resonance.  '  Both  studies  were 

able  to  reach  states  of  only  ^E  +  character.  By  going  to  the 

•  i 

A  it  state,  new  electronic  states  of  BaO  can  be  accessed 

(i.e.  it  or  A  states)  with  the  eventual  hope  of  resolving  emission 

to  the  proposed  lower  state  presumed  to  be  near  the  other 

1 1  1 

low  lying  electronic  states.  The  weak  A  it  -  X  E  transitions 
can  be  isolated  by  narrow  band  pressure  tuning  of  a  nitrogen 
pumped  dye  laser  with  intracavity  etalon,  while  observing  life- 
time  delayed  excitation  spectra. 

Once  an  isolated  P,  Q,  or  R  branch  line  is  obtained,  a 
second  dye  laser,  synchronized  to  the  first,  can  be  scanned  while 
observing  ultraviolet  fluorescence.  The  resulting  double  resonance 
signal  reveals  the  electronic  symmetry  of  the  excited  state 
through  calculable  two-photon  line  intensities,  which  vary 
sensitively  with  the  laser  polarization  and  symmetry  of  the  upper 
state.  Figure  4  shows  one  such  striking  result  in  which  a  Q 
branch  line  is  pumped  on  the  first  transition.  An  upper  state  of 
E  symmetry  appears  as  a  single  line  (Q  branch)  since  P  and  R 
branches  are,  in  this  case,  not  allowed  due  to  the  population  in 
the  tt  state  of  only  one  A  component  of  the  Q  branch  line. 

For  an  upper  it  state,  however,  P,  Q,  and  R  branches  are  allowed 
with  the  Q  branch  being  very  weak  at  high  J  values. 

•  i 

The  second  reason  for  using  the  A  it  state  as  an  intermediate 
state  is  that  its  long  radiative  lifetime  allows  enough  time  for 
many  collisions  to  occur  before  significant  radiative  decay.  Thus 


Figure  4.  (JV  fluorescence  detected  optical- 
optical  double  resonance  in  BaO 
using  the  state  as  an 

intermediate  state.  The  first 
transition  is  fixed  on  a  Q  branch 
line  of  the  A’^tt  *■  X'Z  system, 
which  selects  an  e  parity  level. 
Subsequent  double  resonance  to 
an  upper  Z  state  can  only  access 
an  f  parity  level  through  a  AJ=0 
Q  branch  line.  An  upper  tt  state, 
however,  is  identified  by  prominent 
pared  R  branches,  since  all  J 
levels  are  doubly  degenerate 
(neglecting  A  doubling  or  pertur¬ 
bations)  with  both  parity  levels 
available.  The  Q  branch  line  of 
the  n  «-  it  transition  is  very  weak 
at  moderate  and  high  values  of  J. 
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if  the  second  laser  is  delayed  from  the  first,  collisional  transfer 
of  energy  out  of  the  initially  pumped  rotational  level  and  into 
nearby  rotational  levels  of  the  same  or  of  different  electronic 
states  can  occur.  This  process  can  be  followed  easily  as  a 
function  of  delay  time  between  the  two  lasers.  Figure  5  shows 
a  low  resolution  spectrum  of  the  (10,9)  band  of  the  C'E  +  -  A'^-rr 

system  following  pulsed  exciation  from  the  ground  state  to  the 

•  1 

A  tt  state.  Different  delay  times  easily  show  the  collisional 
relaxation  effect. 

Since  in  a  reasonably  small  spectral  range  we  have  access 
to  all  of  the  first  four  excited  electronic  states  of  BaO,  all  of 
the  following  types  of  energy  transfer  can  be  studied: 


M  +  A*  1ire  (V,J)  -*■  a'1*®  (V,  J ' ) 

1 1  f 

A  tt  (V,J> 

A  (V  ,J  ) 

1  +•  ' 

A  I  (V  ,J) 

1  +  •  • 

A  E  (V  ,J  ) 

3  '  1 

b  TT  (V  ,J  ) 


pure  rotational  relaxations 
parity  relaxation 
rotation-vibration  relaxation 
electronic  relaxation  between 
perturbing  level 
electronic  relaxation  between 
non-perturbing  levels 
electronic  relaxation  between 
spin-orbit  mixed  levels 
spin  non-conserving  relaxation 
between  unmixed  levels 


We  have  completed  the  study  of  the  first  two  members  of  this 

7 

list,  with  a  manuscript  now  in  preparation.  Our  basic  findings 


m 
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Figure  5.  Time  delayed  optical-optical  double 
resonance  spectrum  showing  prominent 
single  parent  rotational  line  (J=13) 
and  weak  satellite  lines  (8<J<18) 
at  two  different  delay  times  between 
laser  pulses.  The  two  spectra  are  not 
normalized  to  constant  total  population. 
All  signal  dies  away  with  the 
characteristic  A'^tt  radiative  lifetime 
of  lOysec. 
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'  l 

are  that  rotational  relaxation  in  BaO  A  t r  are  faster  than  gas 

1  +  11 

kinetic,  and  very  similar  to  those  of  the  BaO  A  E  state.  Parity 
relaxation,  however,  is  significantly  slower.  This  is  important 

in  the  kinetic  modeling  of  these  systems  because  only  one  parity 

’1  1  + 
level  of  the  A  n  state  is  perturbed  by  the  A  Z  state.  The 

result  of  this  will  be  that  population  of  the  perturbed  tr  state 

parity  level  will  transfer  efficiently  into  the  radiating  A^E  + 

state,  while  the  other  parity  level  will  tend  to  relax  within 

itself  more  quickly  and  decrease  the  chemiluminescent  production. 
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